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AB.STRACT: A comparison of summer nutrients obtained during the investigation periods 
1979-1983 and 1990-1992 was made, to elucidate whether or not changes have occurred in 
K6nigshafen Bay during the last decade. In both the flood current as well as in the ebb current, 
concentrations of silicate, phosphate, nitrite and nitrate have decreased. Ammonia, however, has 
increased by a factor of two in the flood current waters, but was similar in both investigation periods 
in the ebb current waters. In addition, a significant increase of salinity has been observed. The 
differences between flood and ebb current median utrient concentrations suggest that the bay was 
a source of nutrients during the 1979-1983 period, exporting large amounts of silicate, nitrite and 
ammonia with the ebb current. Today, the bay appears to be more a sink than a source of nutrients. 
Export rates of silicate and nitrite are greatly reduced and phosphate and ammonia re imported 
nowadays. Nitrate fluxes were in balance during both periods. Reasons for the observed changes are 
discussed. 
INTRODUCTION 
During the last decades, intensified human activities resulted in increased inputs of 
nutrients into the North Sea. Therefore, elevated nutrient levels have been observed 
since the mid-'sixties and the early 'seventies in the open North Sea (Radach et al., 1990), 
as well as in the coastal Wadden Sea areas (e.g. Hickel, 1989; Martens, 1989a, b; 
Boddeke & Hagel, 1991; De Jonge & Essink, 1991; Martens, 1992). In addition, there is 
evidence that drastic changes of Wadden Sea biota occurred in the Netherlands coastal 
zone (Beukema, 1991; De Jonge et al., 1993). In the northernmost part of the German 
Bight, changes of bottom communities were also observed (Reise et al., 1989) which are 
assumed to be due, at least in part, to increased eutrophication. 
The latter study was performed in K6nigshafen Bay, an inlet at the northern tip of the 
North-Frisian island of Sylt (Fig. 1). This shallow bay covers an area of 4.2 km 2, the 
average water depth during high tide is about 1 m and the water volume exchanged in 
one tidal cycle amounts to about 4 • 106 m 3 (Hartke, unpubl.). The bay is populated with 
different benthic biota, e.g. mussel beds, seagrass beds, sand-flats with populations of 
Arenicola and some others, which play the most important role in the energy flux and the 
cycling of organic material (Asmus & Asmus, 1985, 1990; Reise, 1985). Nutrient concen- 
t_rations were studied in the bay during the period 1979-1983. 
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In 1990, a joint research programme (SWAP) started, which focusses on exchange 
processes between the Wadden area of Sylt and the adjacent North Sea. Within the 
framework of this programme, special attention was paid to K6nigshafen Bay during the 
years 1990-1992; the investigations also included nutrient determinations. These mea- 
surements offer the opportunity to compare recent nutrient levels in K6nigshafen Bay 
with those measured approximately a decade ago at the same study site. Therefore, a 
closer look at possible differences in nutrient concentrations on a medium-to- long time 
scale is possible for this small bay. However,  this paper is restricted only to the summer 
period because most of the data were obtained during this season. 
MATERIALS AND METHODS 
The KSnigshafen studies were carried out at a station indicated by a black triangle in 
Figure 1, on 15 occasions during the summer months (June to August) of 1979 to 1983, 
and during 24 cruises between 1990 and 1992. The station was located in a narrow but 
comparatively deep tidal gully (about 5 m at high tide) near the northeastern tip of the 
small island "Uth6rn". A research catamaran was used for samplings every thirty minutes 
over half a tidal cycle, either from low tide to high tide, or vice versa. Water samples were 
taken from a depth of about 1 m using a Nansen reversing water bottle. The following 
nutrients were determined by means of the methods outlined in Grasshoff (t976): sihcate, 
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Fig. l. L e f t: The German Bight {North Sea} with the North-Frisian isles at the north-eastern 
boundary. Sylt is the northernmost island of this archipelago. Dotted hne indicates the area 
presented in detail on the right. R i g h t : The northern tip of Sylt with the broad inlet called, for 
historical reasons, "KSnigshafen" ("King's harbour"). The "Lister Tief" and the "Lister Ley" are 
deep tidal channels connecting the wadden areas with the open North Sea. Black triangle denotes 
the samphng site 
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phosphate ,  n i trate,  n i t r i te  and  ammonia .  Sal in i ty va lues  were  obta ined  f rom bott le  
samples  us ing  an  Auto lab  (1979-1983) and  a Gui ld l ine (1990-1992) sa l inometer .  Com-  
parab i l i ty  of the  data  sets was  insured  by  visits to the same stat ion and  use  of the  same 
samphng s t ra tegy  and  methods .  
For each  invest igat ion  per iod,  the  data  were  poo led  separate ly  for the  f lood and  the 
ebb  current .  S ince none  of the data  sets showed a normal  d istr ibut ion,  the  med ian  was  
used,  together  w i th  its 95 % conf idence  interval ,  to character i ze  average  condi t ions .  To 
test  for stat ist ical  d i f ferences,  the  med ian- tes t  accord ing  to the fourfold tab le  was  car r ied  
out  (Sachs, 1992). 
RESULTS 
A l though the compar i son  of the  data  sets revea led  dist inct d i f ferences  in the  nut r ient  
concent ra t ions  of K6n igshafen  waters  between the ear ly 'e ight ies  and  the ear ly  'n inet ies  
(Tables 1 and  2), there  is no ev idence  of inc reased  eut roph icat ion  in the area.  F lood 
cur rent  concent ra t ions  of si l icate, phosphate ,  n i t rate  and  nitr ite were  s ign i f icant ly  lower  
Table 1. Nutrient concentrations in the flood current waters in the two investigation periods (~mol 
I-1). Median, 95 % confidence interval, total range of data, and numbers of measurements (n). 
Results of median test are also given. P = probability levels: * p <0.05, "* p <0.01, * * ~ p <0.0001, 
n. s. -- not significant 
1979-1983 1990-1992 Chi 2 p 
Median 
95 % C.I. 
Range 
n 
Median 
95 % C. I. 
Range 
n 
Median 
95 % C. I. 
Range 
n 
Median 
95 % C.I. 
Range 
n 
Median 
95 % C. I. 
Range 
n 
Silicate 
7.40 3.09 27.9 
7.00-10.00 2.59- 3.46 
1.40-24.50 0.85-11.25 
60 140 
Phosphate 
1.90 1.25 48.0 
1.65-2.40 1.13-1.37 
0.64-4.20 0.05-5.25 
104 163 
Nitrate 
1.45 0.73 21.4 
1.22-1.66 0.57-0.74 
0.15-4.40 0 -4.83 
75 166 
Nitrite 
0.29 0.26 4,83 
0~26-0.32 0.24-0,30 
0.14-0.67 0.01-0.67 
73 179 
Ammonia 
: 1.14 2.64 32.1 
: 0.95-1.45 2.43-2.85 
: 0.10-4.20 0.45-8.53 
: 98 136 
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Table 2. Nutrient concentrations in the ebb current waters in the two investigation periods (~rnol 1-1). 
Abbreviations as in Table 1 
1979-1983 1990-1992 Chi  2 p 
Median 
95 % C.I. 
Range 
n 
Median 
95 % C. I. 
Range 
n 
Median 
95 % C. I. 
Range 
n 
Median 
95 % C.I. 
Range 
n 
Median 
95 % C. I. 
Range 
n 
Silicate 
10.40 3.84 42.6 * * * 
8.0-11.80 3.34- 4.51 
0.9-26.00 0.02-13.57 
94 142 
Phosphate 
1.70 0.94 24.0 * * * 
1.38-1.83 0.74-1.13 
0.18-3.65 0.05-3.87 
89 120 
Nitrate 
1.68 0.85 27.5 * * * 
1.50-1.75 0.67-1.02 
0 -4.25 0 -4.02 
85 148 
Nitrite 
0.45 0.33 13.1 * * 
0.37-0.47 0.30-0.36 
0.10-0.88 0.02-0.67 
83 154 
Ammonia 
2.16 1.95 0.36 n.s.  
1.70-2.90 1.71-2.25 
0.42-8.74 0.39-8.74 
99 138 
between 1990 and  1992, when compared  w i th  the 1979-1983 data  set (Fig. 2), and  only 
ammonia  has  increased  by  a factor  exceed ing  two. Simi lar  resul ts  were  obta ined  for the  
ebb  current ,  w i th  lower  concent ra t ions  of nut r ients  in the 1990-1992 per iod  than  that  of 
1979-1983.  An  except ior i  s ammonia ,  wh ich  showed no s ign i f icant  d i f fe rence  between 
the two invest igat ion  per iods.  Addi t ional ly ,  a s igni f icant  inc rease  of sa l in i ty  by  about  2 
(Chi 2 = 237, p <0.0001)  was  observed  (Pig. 3). Med ian  sal in i t ies were  29.61 in the  
1979-1983 period, but  31.75 in the ear ly  'n inet ies ,  w i thout  any  d i f fe rence between the 
ebb  and  the f lood currents .  
The  observed  changes  in nut r ient  concent ra t ions  also ind icate  a change of nut r ient  
net - t ranspor t  d i rect ions between KSn igshafen  and  the ad jacent  Lister Leu Ebb  cur rent  
concent ra t ions  of si l icate, nitr i te,  and  ammoma were  h igher  than  f lood cur rent  va lues  in 
the 1979-1983 per iod  - thus  ind icat ing  a net -expor t  of these  nut r ients  f rom KSn igshafen  
to the Lister Ley (Table 3, Fig. 4). Phosphate  and  n i t ra te  f luxes were  in ba lance .  In the  
ear ly  'n inet ies ,  si l icate as wel l  as n i t r i te  was  still exported,  however ,  at  cons iderab ly  
reduced rates.  Ni t rate f luxes were  in ba lance ,  as in the first invest igat ion  per iod.  
However .  phosphate  and  ammonia  were  taken  up  by  K6n igshafen ,  s ince the  f lood 
cur rent  va lues  of these  nut r ients  were  h igher  than  the ebb  cur rent  concent ra t ions .  These  
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Fig. 2. Median values of nutrient concentrations in the flood and in the ebb current water masses 
during 1979-1983 and 1990-1992. Vertical bars show 95 % confidence intervals. For silicate these 
intervals are not shown for the 1979 to 1983 period, for technical reasons. Values are: 7.0-10.0 in the 
flood current, and 8.0-11.8 in the ebb current waters 
f ind ings  suggest  hat  the Kbn igshafen  ecosystem has  become more  re tent ive  concern ing  
nut r ients  impor ted  wi th  the flood cur rent  waters .  Today,  the bay  appears  to be  predomi -  
nate ly  a s ink for nutr ients ,  whereas  the oppos i te  was  true for the  per iod  1979-1983.  
D ISCUSSION 
A l though there  are genera l  t rends  of r is ing concent ra t ions  of nut r ients  in the  Nor th  
Sea, at the par t i cu la r  locat ion of Kbn igshafen  Bay just  the oppos i te  was  observed .  Th is  
unexpected  pat tern  is diff icult to expla in,  s ince it is not c lear  whether  or not  these  
changes  are rest r ic ted only to KSn igshafen  Bay or may have  been occurr ing  over  a la rger  
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Fig. 3. Data of salinity obtained in the two investigation periods. Dotted lines indicate median values 
Table 3. Comparison of flood and ebb current nutrient concentrations (median values, ~mol 1 -t) 
within the investigation periods studied, and results of median test for tidal differences. P = 
probability level, * p<0.05,  ** p<0.01,  *** p<0.001,  n. s. = not significant. For ranges, 95 % 
confidence intervals and number of data see Tables 1 and 2. "D" gives the difference between flood 
current median minus ebb current median. Negative values indicate a net export from K6nigshafen 
with the ebb current, positive values indicate a net import to K6nigshafen with the flood current 
Flood current Ebb current Chi 2 p D 
1979-1983 
Silicate 7.40 10.40 5.93 * -3.00 
Phosphate 1.90 1.70 0.86 n.s .  •  
Nitrate 1.45 1.68 1.47 n.s .  •  
Nitrite 0.29 0.45 14.2 * * * -0 .16 
Ammonia 1.14 2.16 11.2 * * * - 1.02 
1990-1992 
Silicate 3.09 3.84 5.11 * -0.75 
Phosphate 1.25 0.94 9.43 * * +0.31 
Nitrate 0.73 0.85 2.86 n.s .  •  
Nitrite 0.26 0.33 11.5 * *" -0.07 
Ammonia 2.64 1.95 13.1 * * * +0.69 
area. Never the less ,  we  assume that  the  changes  in the f lood cur rent  nut r ient  concen-  
trat ions and  in sa l in i ty  are due  to a reduced  in f luence  of River Elbe waters  in the  reg ion  
here  ment ioned .  H icke l  (1980) was  ab le  to show that  var ia t ions  of E lbe  f reshwater  
d i scharge  vo lumes  has  a marked  ef fect  on the  sal in i ty in the  Sylt area,  due  to d i f fe rences  
in the  nor thward  t ranspor t  of the  water  masses .  Therefore ,  it is ctear that  vary ing  amounts  
of nut r ients  assoc ia ted  w i th  these  po l lu ted  waters  will be  advected  to our  area .  Recent ly ,  
Gaumert  (1991) showed that  Elbe River d i scharge  vo lumes  dec l ined  throughout  the  
1980s, and,  s ince the nut r ient  concent ra t ions  in the Elbe waters  did not  change  drast i -  
cally, nut r ient  inputs  to the  Nor th  Sea  were  lower  at the end  of the  'e ight ies  than  at the  
beg inn ing  of that  decade.  There fore ,  it can  be  assumed that  this  led  to a much smal le r  
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Fig. 4. Difference of nutrient flood current median values minus ebb current median values. 
Negative values indicate net export, positive values net import. Nitrate is not not shown because 
differences were _ 0 in both periods 
transport of nutrients and freshwater to the Sylt region, resulting in lower nutr ient 
concentrations and higher salinities in the study area. 
In addition, data from the weather station in List indicate a decrease of local rain 
between 1979 and 1992, leading to a reduced input of nutrients to the sea around the 
island of Sylt by direct precipitation and run-off from land. 
However, both arguments must remain speculative and cannot, for example, explain 
the increase of ammonia in the flood current waters. Therefore, we have to face the 
problem that we cannot give a fully satisfactory explanation for the changes observed, 
due to a lack of sufficient data from other localities in the Sylt region during the 
1979-1983 period. 
Dealing with the ebb current values, it was found that, in both investigation periods, 
the concentrations of silicate, nitrate and ammonia differed significantly from that in the 
flood current. For the 1990-1992 period, this was also the case for phosphate. This means 
that the water masses circulating through K6nigshafen Bay within a tidal cycle will be 
depleted or enriched in the above mentioned nutrients by organism action and/or 
exchange processes with the sea bed. The general fact that benthic communities 
influence the nutrient load of the water masses passing over that community was 
demonstrated by the tunnel and flume techniques (e.g. Dame & Dankers, 1988; Prins & 
Smaal, 1990; Dame et al., 1991) and by investigating pore water nutrient profiles in the 
sediment (e.g. Hiittel, 1990). Experiments carried out on a K6nigshafen mussel bed, with 
the tunnel  and flume technique (Asmus et al., 1992) revealed an enrichment of the 
flowing water with ammonia nd phosphate during passage through the system. Since 
the tunnel  and the flume were 10 and 20 m long, respectively, and current velocities 
ranged from 1 to 12 cm s -1, a water residence time between 2 and 30 minutes over the 
mussel bed is enough to induce measurable changes in the nutrient content. Recent 
experiments on sand fiats with and without Arenicola showed that, during calm weather, 
the lugworm-inhabited sediment released many more nutrients than the control without 
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worms. During rough weather, however, release was similar in both compartments, 
pointing to the additional role of external energy (wind in this case) for nutr ient release 
due to wave-induced sediment resuspension. By contrast, results obtained from areas 
covered with seagrass (Asmus et al., 1994) showed the opposite situation, i.e. the uptake 
of nutrients with an associated epletion of waters passing over that community. 
We therefore suppose that the nutrient concentrations in the ebb current depend 
upon the concentrations in the flood current, and the superimposing changes, due to 
organism action during the passage through Kbnigshafen Bay. The increased uptake of 
nutrients in the early 'nineties as indicated by the "D" values in Table 3 (see also Fig. 4) 
could be due to fundamental  changes in the Kbnigshafen community structure -w i th  
more efficient nutrient retention mechanisms now prevailing. This may be achieved by a 
relative dechne of heterotrophic compartments and/or the relative increase of autotrophs. 
Assuming a higher plant biomass in recent years, as compared with the 1979-1983 
period, the increased formation of plant tissues acts as a temporary sink for nutrients, 
which, therefore, takes no part in short-term regeneration cycles. 
It is, indeed, known that the Kbnigshafen Bay communities are now rather different 
from those in the early 'eighties, due to winter conditions prior to the summers ampled. 
According to the data from the Deutscher Wetterdienst during the 1979-I983 period, 
three winters had rather low temperatures and only one was unusual ly mild. By contrast, 
1990 and 1992 had the warmest winters of all the years investigated. More important than 
temperature alone - during the severe winter of 1979 there was heavy ice-cover and drift 
which destroyed the Kbnigshafen mussel beds and much of the larger algae and the 
seagrass, but left, for example, the sand-flats with Arenicola comparatively undamaged 
(Asmus, pers. comm.). Ice was also observed in the winters of 1980 and 1982, but it had a 
less destructive ffect. Since the damaged and almost entirely absent communities 
recovered only gradually in the following years, most summer data in the 1979-1983 
period were obtained from a disturbed ecosystem in which some key biota were absent or 
only poorly-developed. At that time, the autotrophic compartment was greatly reduced. 
Large amounts of nutrients were probably released by the burrowing action of Arenicola, 
but also due to physical forces (e.g. wave action) because few plants, and no mussel beds, 
protected the sediments and reduced wave-forces. 
Today, the mussel beds are well-developed and are densely covered with Fucus 
which acts as a trap for nutrients released by the mussels. According to Asmus (pers. 
comm.), large algae as well as seagrass are much more abundant  now than in 1979 and 
1980. In addition, green algal mats have become abundant  during the last decade (Reise, 
1983). Below dense algal mats, the sediment becomes anoxic and nutr ients coming out 
due to this condition fulfil the nutritional demands of the algae. However, the initial 
phase of mat formation and the build-up of a large part of total biomass, which can reach 
300-500 g organic substance per m 2 (Reise et al., unpubl.), can be expected to depend 
upon the nutrients dissolved in the flood current waters entering Kbnigshafen Bay, since 
the sediment is not anoxic at that time. Therefore, an increase of these mats also leads to a 
depletion of nutrients - most of which are not recycled within a short time. 
Although we have insufficient data for definite proof, there is evidence that the 
concentrations of nutrients will be considerably affected by the various benthic com- 
munities as proposed above. Consequently, whether KSnigshafen Bay acts as a source or 
a sink for nutrients depends upon the ratio between the autotrophic and heterotrophic 
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compartments .  However ,  this ratio is subject  o d is turbances,  e.g. due to cold winters  with 
ice, unusual ly  warm winters  (Beukema, 1992) or heavy  storms (Nehls & Thiel, 1993), and 
the role of K6n igshafen  Bay might  change in time, and may osci l late between the 
ext remes  of natural  variabil ity. 
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